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1.1. Simulation Model 
6LPXODWLRQVZHUH SHUIRUPHGZLWK DPXOWLSK\VLFDO VROYHU IRU ODVHU DVVLVWHG SURFHVVHV EDVHG RQ2SHQ)2$0 D
FEDVHGVLPXODWLRQWRROER[7KHVROYHUXVHVWKH9ROXPH2I)OXLG92)DSSURDFKDQGWKHILQLWHYROXPHPHWKRG
DSSURDFK DFFRUGLQJ WR+LUW DQG1LFKROV  DQG WDNHV LQWR DFFRXQW EHDPPDWWHU LQWHUDFWLRQ DV ZHOO DV SKDVH
FKDQJLQJDQGIOXLGG\QDPLFV$SDUWIURPSURSDJDWLRQDEVRUSWLRQDQGPXOWLSOHUHIOHFWLRQVRI WKHODVHUEHDPIOXLG
G\QDPLFHIIHFWVDQGWKHUPRG\QDPLFDOHIIHFWVVXFKDVKHDWWUDQVIHUDQGSKDVHFKDQJHVSUHYLRXVO\GHVFULEHGLQ2WWR
HWDODOVRSODVPDEXLOGLQJWKHUHVXOWLQJVKLHOGLQJRIWKHEHDPDQGDWZRWHPSHUDWXUHPRGHOIRUXOWUDVKRUW
SXOVHVZHUHFRQVLGHUHG
)RU WKH VLPXODWLRQRISODVPDVKLHOGLQJDPHWKRG ILUVWXVHGE\0DKUOHDQG%H\HU DQG ODWHUDGRSWHGE\
'DVJXSWDHWDOZDVLQWHJUDWHGWRRXUVLPXODWLRQPRGHO$FFRUGLQJWR+XJKHVDQG3DXOLQLDQG6LPRQ
WKHSODVPDDEVRUSWLRQFRHIILFLHQWĮLVFDOFXODWHGE\
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ZKHUH WKH *DXQW IDFWRU ZDV VHW WR  LQ RXU VLPXODWLRQV IRU VLPSOLFLW\ VLQFH TXDQWXP PHFKDQLFDO HIIHFWV ZHUH
QHJOHFWHG
7KHHOHFWURQGHQVLW\QHLVFDOFXODWHGDVIROORZV
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7KHLRQL]DWLRQJUDGHFKLLVFDOFXODWHGE\WKH(TTHUW6DKD(TXDWLRQ
 
¸
¹
·¨
©
§¸
¹
·¨
©
§ 
 kT
E
p
kT
h
m ie H[S







 S
F
F
.  (3) 
2QO\ILUVWLRQL]DWLRQLVFRQVLGHUHGLQRXUPRGHOEHLQJWKHREYLRXVUHDVRQWKDWWKHQXPEHURIIUHHHOHFWURQVLQWKH
SODVPDSOXPHDQGWKXVDEVRUSWLRQGXHWR LQYHUVH%UHPVVWUDKOXQJLVXQGHUHVWLPDWHG)XUWKHUPRUHHT WRGR
QRWDFFRXQWIRUQRQWKHUPDOHTXLOLEULXPHIIHFWV+RZHYHULQFDVHRIQDQRVHFRQGSXOVHVWKHSODVPDFDQEHWUHDWHGDV
EHLQJLQWKHUPDOHTXLOLEULXPDQGZHFDQVHHHIIHFWVOLNHFRQVXPSWLRQZDYHVDQGGHWRQDWLRQZDYHVUHVHPEOLQJWKH
GHVFULSWLRQE\0DHWDO$OWKRXJKLQWKHFDVHRIIHPWRVHFRQGSXOVHVWKHSODVPDVKRXOGQ¶WEHWUHDWHGDVEHLQJ
LQ WKHUPDO HTXLOLEULXP WKH PDGH LQDFFXUDF\ LV VPDOO DV WKH LQDFFXUDF\ LQFXUUHG LV QHJOHFWDEOH GXH WR WKH
GHYHORSPHQWRI WKHSODVPD ODWHU WKDQ WKH WHUPLQDWLRQRI WKHSXOVH UXOLQJRXW LQWHUDFWLRQZLWK WKHEHDP ,Q IXWXUH
LQYHVWLJDWLRQV SHUWDLQLQJ WR SXOVH OHQJWKV LQ UDQJHV EHWZHHQ WKH RQHV LQYHVWLJDWHG KHUH WKLV VLPSOLILFDWLRQZRXOG
LPSDLUSUHFLVLRQLQWROHUDEO\UHTXLULQJXVWRDGDSWRXUPRGHOIRUHIIHFWVDVLGHWKHUPDOHTXLOLEULXP
7KHWZRWHPSHUDWXUHPRGHOLVVLPLODUWRWKHRQHSXEOLVKHGE\-LDQJDQG7VDLZKLFKKDVEHHQDXJPHQWHG
E\ WKH FRQVLGHUDWLRQ RI FRQYHFWLRQ HIIHFWV 'XH WR WKH KLJK DEVRUEHG HQHUJLHV LQ VKRUW WLPHVFDOHV WKH HOHFWURQV
FDQQRWEHFRQVLGHUHGWREHLQWKHUPDOHTXLOLEULXPZLWKWKHODWWLFHDQ\PRUH&RQVHTXHQWO\WKHGLIIHUHQWWHPSHUDWXUHV
VWLOOFRXSOHGKDYHWREHFDOFXODWHGVHSDUDWHO\7KHHOHFWURQWHPSHUDWXUH7HLVFDOFXODWHGE\
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,Q PHWDOV FRQGXFWLRQ DQG HQHUJ\ DEVRUSWLRQ WDNH HIIHFW LQ HOHFWURQV SUHGRPLQDQWO\ 7KHUHIRUH WKH UHVSHFWLYH
WHUPVFDQEHQHJOHFWHGLQWKHODWWLFHWHPSHUDWXUHHTXDWLRQDQGRQO\WKHFRQYHFWLYHSDUWDQGWKHFRXSOLQJKDYHWREH
FRQVLGHUHG2XUILUVWDSSURDFKIRUVHPLFRQGXFWRUVZDVOLNHZLVH
6LPXODWLRQVWXG\
0HWDOVLPXODWLRQVZLWKWKHWZRWHPSHUDWXUHPRGHOZHUHSHUIRUPHGZLWKSXOVHOHQJWKVLQWKHUDQJHRIQDQRDQG
IHPWRVHFRQGVDQGFRPSDUHGWRSUHYLRXVUHVXOWVIRULURQREWDLQHGZLWKRXWLW7DWUDHWDO7KHDEODWLRQZDV
FRPSDUHGZLWKH[SHULPHQWDOGDWDIURP/HLW]HWDO
6XEVHTXHQWO\WKHVDPHPRGHOZDVXVHGIRUVLPXODWLQJWKHDEODWLRQRIVLOLFRQDQGWKHUHVXOWVZHUHFRPSDUHGZLWK
H[SHULPHQWDOGDWDIURP=HQJHWDO
/RFDODQG WHPSRUDOVKDSHRI WKH ODVHUZHUHFRQVLGHUHG*DXVVLDQ LQDOO VLPXODWLRQV7DEOHVKRZV WKHSURFHVV
SDUDPHWHUVIRURXUVLPXODWLRQ





1342   Stefan Tatra et al. /  Physics Procedia  83 ( 2016 )  1339 – 1346 
7DEOH3URFHVVSDUDPHWHUV
0DWHULDO 3XOVHOHQJWK
):+0
:DYHOHQJWK 3XOVH
IUHTXHQF\
3XOVHHQHUJ\ 6SRW
GLDPHWHU
LURQ QV QP N+] - P
LURQ IV QP N+] - P
VLOLFRQ QV QP N+] - P
VLOLFRQ IV QP N+] - P
     

2.1. Simulation results for iron 
$VFDQEHVHHQLQ)LJWKHQDQRVHFRQGFDVHVKRZVVRXQGFRQIRUPLW\ZLWKWKHH[SHULPHQWVLQWHUPVRIDEODWLRQ
GHSWKDQGFUDWHUGLDPHWHU(YHQWKHEXUUFDQEHVHHQ&RPSDUHGWRSULRUUHVXOWVZLWKRXWWKHWZRWHPSHUDWXUHPRGHO
WKHUHLVQRQRWLFHDEOHGLIIHUHQFHLQWKLVFDVH
)RUWKHFDVHZLWKWKHVKRUWHUIVSXOVHVWKHSULRUUHVXOWVZLWKRXWWKHWZRWHPSHUDWXUHDSSURDFKWKHVLPXODWLRQKDG
RYHUHVWLPDWHGWKHDEODWLRQGHSWKE\DIDFWRURIIRXU7KHVLPXODWLRQVXWLOL]LQJWKHQHZO\GHYHORSHGWZRWHPSHUDWXUH
PRGHOVKRZHGFRQYLQFLQJFRQVLVWHQF\ZLWKWKHH[SHULPHQWDOGDWDIRUWKHIVFDVHVHH)LJ
7KHPD[LPXPHOHFWURQDQGODWWLFHWHPSHUDWXUHLQWKHZRUNSLHFHDVZHOODVODVHUSRZHUDQGWKHSRZHUDEVRUEHGLQ
WKHZRUNSLHFH ZHUH SORWWHG DJDLQVW WKH WLPH IRU D IHPWRVHFRQG DQG D QDQRVHFRQG SXOVH )LJ  ,Q FDVH RI WKH
QDQRVHFRQG SXOVH ZLWK DOPRVW QR GLIIHUHQFH EHWZHHQ HOHFWURQ DQG ODWWLFHWHPSHUDWXUH WKHUH LV QR GLVWLQFWLRQ
EHWZHHQWKHFRQYHQWLRQDODQGWKHWZRWHPSHUDWXUHPRGHO0RVWRIWKHSRZHULVDEVRUEHGLQWKHSODVPDDQGRQO\D
VPDOO IUDFWLRQ LV XVHG WR KHDW WKH ZRUNSLHFH $V LQ WKLV SORW RQO\ VROLG DQG OLTXLG SKDVHV DUH FRQVLGHUHG WKH
PD[LPXP WHPSHUDWXUH VHHPV WR EH WRR KLJK DV LW
V IDU DERYH WKH ERLOLQJ SRLQW RI LURQ 7ZR HYHQWV RIIHU DQ
H[SODQDWLRQ)LUVWLWWDNHVVRPHWLPHIRUWKHOLTXLGWRHYDSRUDWHGXULQJZKLFKWKHOLTXLGFDQRYHUKHDWEH\RQGERLOLQJ
SRLQW 6HFRQG LV WKH92)DSSURDFK7KH WHPSHUDWXUH LV WKH KLJKHVW RQ WKH VXUIDFH DQG D YROXPH DW WKH LQWHUIDFH
OLTXLGDQGJDVPLJKWFRQWDLQDORZHUDPRXQWRIOLTXLGFORVHWRERLOLQJWHPSHUDWXUHDQGDKLJKHUDPRXQWRIJDVDWD
VLJQLILFDQWO\KLJKHUWHPSHUDWXUH$YHUDJLQJREYLRXVO\OHDGVWRWHPSHUDWXUHVDERYHERLOLQJIRUWKHLQWHUIDFHYROXPHV
)RU WKH IHPWRVHFRQG FDVH HOHFWURQ DQG ODWWLFH WHPSHUDWXUHV DUH QRW LQ HTXLOLEULXP 7KH HOHFWURQV UHFHLYH WKH
HQHUJ\ RI WKH ODVHU SXOVH WKHUHIRUH WKHLU WHPSHUDWXUH LQFUHDVHV VWURQJO\ 6XEVHTXHQWO\ RYHU WLPH WKH\ SDVV WKHLU
HQHUJ\ WR WKH ODWWLFH VRHOHFWURQDQG ODWWLFH WHPSHUDWXUHFRQYHUJH$VYDSRUL]DWLRQDQG WKHUHIRUHSODVPDEXLOGLQJ
KDSSHQV LQ D WLPH VFDOH RI QDQRVHFRQGV WKHUH LV QR SODVPD VKLHOGLQJ GXULQJ WKH SXOVH 7KDW
VZK\ WKH JUDSK RI
DEVRUEHGSRZHULVFRQJUXHQWZLWKWKHOLQHRIDEVRUEHGSRZHULQZRUNSLHFHLQWKH)LJ±IVSXOVH

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



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)LJ1DQRVHFRQGODVHUDEODWLRQ&RPSDULVRQEHWZHHQVLPXODWLRQDQGH[SHULPHQW7KHSLFWXUHVRIWKHH[SHULPHQWDUHIURP/HLW]HWDO
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)LJ)HPWRVHFRQGODVHUDEODWLRQ&RPSDULVRQEHWZHHQVLPXODWLRQDQGH[SHULPHQW7KHSLFWXUHVRIWKHH[SHULPHQWDUHIURP/HLW]HWDO
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)LJ(YROXWLRQRIWHPSHUDWXUHVDQGDEVRUEHGSRZHUGXULQJDQDQRVHFRQGDQGDIHPWRVHFRQGODVHUSXOVH

 Stefan Tatra et al. /  Physics Procedia  83 ( 2016 )  1339 – 1346 1345
2.2. Simulation results for silicon 
7KHUHVXOWVRIWKHVLOLFRQODVHUDEODWLRQDUHVKRZQLQ)LJ7KHPD[LPDODEODWLRQGHSWKDFKLHYHGDIWHUSXOVHV
FOHDUO\RYHUHVWLPDWHVWKHH[SHULPHQWDORQHIRUWKHQDQRVHFRQGFDVH7KHIHPWRVHFRQGFDVHDOVRRYHUHVWLPDWHVWKDW
SDUDPHWHUWKRXJKWRDOHVVHUH[WHQW7KHVHGHYLDWLRQVIURPWKHH[SHULPHQWDOUHVXOWVVHHPWREHUHODWHGWRPDWHULDO
FKDUDFWHULVWLFVRIWKHVHPLFRQGXFWRUVWKDWDUHQRWSUHVHQWO\LQFOXGHGLQRXUPRGHO
,Q FRQWUDVW WRPHWDOOLFPDWHULDOV VHPLFRQGXFWRUV HPSOR\SDUW RI WKH DEVRUEHG HQHUJ\ LQ LQFUHDVLQJ WKH HQHUJ\
VWDWHRIWKHLUHOHFWURQVIURPWKHYDOHQFHEDQGLQWRWKHFRQGXFWLRQEDQG)XUWKHUPRUHWKHQHJOHFWLRQRIWZRSKRWRQ
DEVRUSWLRQLQVHPLFRQGXFWRUVOHDGVWRDQXQGHUHVWLPDWHGHQHUJ\DEVRUSWLRQVSHFLDOO\DWKLJKLQWHQVLW\YDOXHV7KH
GHYHORSPHQW RI D PRUH FRPSOH[PDWHULDO PRGHO WKDW LQFOXGHV WKRVH HIIHFWV DSSHDUV WR EH QHFHVVDU\ LQ RUGHU WR
LPSURYHFXUUHQWUHVXOWV
)LJ6LOLFRQODVHUDEODWLRQ/HIWUHVXOWVIRUQDQRVHFRQGSXOVHDEODWLRQDIWHUSXOVHV5LJKWUHVXOWVIRUIHPWRVHFRQGSXOVHDEODWLRQDIWHU
SXOVHV,QERWKFDVHVWKHPD[LPDODEODWLRQGHSWKREWDLQHGH[SHULPHQWDOO\E\=HQJHWDODUHLQGLFDWHGE\KRUL]RQWDOOLQHVFRORUHGLQ
\HOORZ
6XPPDU\DQG2XWORRN
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